background: Uterine natural killer (uNK) cells are a major source of cytokines and angiogenic growth factors (AGFs), with AGF levels decreasing and cytokine levels increasing with gestational age. The factors that regulate AGF and cytokine secretion are unclear but may involve interactions between uNK cells and extravillous trophoblast (EVT) cells. We hypothesize that uNK cell interaction with EVT cells alters their cytokine and AGF secretion.
Introduction
Successful human pregnancy requires development of the placenta, invasion of the maternal tissues by extravillous trophoblast (EVT) cells, remodeling of uterine spiral arteries and immunological crosstalk between fetal-derived EVT cells and maternal uterine leukocytes (Bischof and Irminger-Finger, 2005) . The trophoblast cells of the placenta differentiate into functionally distinct subtypes: syncytiotrophoblast, cytotrophoblast (CTB) and EVT (Gude et al., 2004) . A distinguishing feature of EVT cells is their expression of the nonclassical Class I major histocompatibility complex antigens, human leukocyte antigen (HLA)-G, HLA-C and HLA-E. Interstitial EVT invade the uterus through the decidualized endometrium as far as the inner third of the myometrium, where they remain throughout pregnancy as either mononuclear cells or multinucleate giant cells. Endovascular EVT cells invade in a retrograde direction within the lumen of uterine spiral arteries facilitating their remodeling. During the process of remodeling, the spiral arteries dilate and vascular smooth muscle cells are replaced by amorphous fibrinoid material and intramural EVT (Pijnenborg et al., 2006) . The initial stages of spiral artery remodeling mimic those of angiogenesis and may be facilitated by the same factors (Distler et al., 2003; Pijnenborg et al., 2006) .
Trophoblast differentiation, invasion and spiral artery remodeling are regulated by several trophoblast and/or decidua-derived factors including cytokines, growth factors, hormones and oxygen (Kharfi et al., 2003; Lala and Chakraborty, 2003; Bischof and Irminger-Finger, 2005) . The decidual leukocyte population, in particular, the uterine natural killer (uNK) cells, has been proposed to play a major role in the regulation of trophoblast invasion (Hanna et al., 2006; Lash et al., 2010a) and more recently in the initial stages of spiral artery remodeling (Lash et al., 2006 (Lash et al., , 2010b Smith et al., 2009) . uNK cells, characterized by their granulated CD16 dim CD56 bright phenotype (Bulmer and Lash, 2005) , comprise 70% of decidual leukocytes in early pregnancy (Bulmer and Lash, 2005) and secrete various cytokines (Saito et al., 1993; Jokhi et al., 1997; Engert et al., 2007; Lash et al., 2010b) and angiogenic growth factors (AGFs) (Li et al., 2001; Hanna et al., 2006; Lash et al., 2006) . We have demonstrated gestational age differences in expression patterns of some cytokines and AGFs, with secretion of interleukin (IL)-1b, IL-6, IL-8, granulocyte macrophage colony-stimulating factor (GM-CSF) and interferon (IFN)-g increasing and secretion of vascular endothelial growth factor (VEGF)-C and angiopoietin (Ang)-2 reducing with gestational age (8 -10 versus 12-14 weeks' gestation) (Lash et al., 2006 (Lash et al., , 2010b . The mechanisms underlying this apparent switch in expression pattern is not clear, although several groups have suggested that interactions of uNK cell with trophoblast cells (through HLA-G, HLA-C or HLA-E) may alter uNK cell cytokine profiles (Rieger et al., 2001 (Rieger et al., , 2002 Ntrivalas et al., 2006; van der Meer et al., 2007) . We hypothesized that interaction of uNK cell with EVT cells would alter uNK cell cytokine and AGF secretion. Cytokine and AGF profiles were determined by multiplex protein analysis or ELISA in co-cultures of uNK cells with both EVT and CTB (included as a control) from the same subject.
Materials and Methods

Sample collection
Decidual and placental samples were obtained from women undergoing elective surgical termination of pregnancy at 8 -10 and 12 -14 weeks gestational age (as determined by ultrasound measurement of crown rump length or biparietal diameter; n ¼ 10 each group) at the Royal Victoria Infirmary, Newcastle upon Tyne, UK. The study received local ethical approval and all women gave informed written consent. Following collection, decidual and placental tissue was immediately suspended in sterile saline, transported to the laboratory and washed 2 -3 times in sterile phosphate-buffered saline to remove excess blood.
Positive selection of CD56
1 uNK cells CD56 + cell-enriched isolates were prepared using positive immunomagnetic selection as described previously (Vassiliadou and Bulmer, 1998; Lash et al., 2006) . Using this methodology, the CD56 + cell-enriched isolate has been shown to be consistently .95% pure by both immunohistochemistry of cell smears and flow cytometry (Vassiliadou and Bulmer, 1998) ; purity was confirmed in the present study by immunostaining of representative cell smears for CD56.
Isolation of EVT and CTB
EVT and CTB were isolated from placenta as previously described (Lash et al., 2010c ) using a modification of the method reported by Tarrade et al. (2001) . The purity of EVT and CTB was assessed by immunostaining for HLA-G (EVT) and cytokeratin 7 (EVT and CTB) as previously described (Lash et al., 2010c) and was .95% for both cell types. (Lash et al., 2010c) . Therefore, wells that were to be used for villous trophoblast co-culture were coated with 7 ml/well (24-well plate) fibronectin (Sigma) and wells for EVT culture were coated with 7 ml/well growth factor reduced Matrigel (Becton Dickinson, Franklin Lakes, NJ), and plates incubated for 1 h at 378C. 2 × 10 5 /well of EVT or CTB cells were cultured in prepared wells overnight and washed to remove remaining red blood cells/debris. For direct co-culture, 2 × 10 5 uNK cells were added to wells containing either EVT or CTB. Direct co-culture of uNK and irradiated EVT cells were also established. For indirect co-culture, the uNK cells were placed into a 0.4 mm pore filter transwell (Becton Dickinson) that was then placed in the culture well with either EVT or villous trophoblast cells. All three cell types were also cultured alone to determine baseline protein secretion profiles. All cultures were performed in duplicate and the total volume per well was 600 ml. After 24 h culture in 5% CO 2 at 378C, supernatants were collected, centrifuged to remove cellular debris and stored at 2808C.
Irradiation of EVT cells
FAST Quant multiplex arrays for cytokine and AGF analysis
FAST Quant human angiogenesis and TH1/TH2 arrays for angiogenin, Ang-2, platelet-derived growth factor (PDGF)-BB, VEGF-A, fibroblast growth factor basic (FGF-b), keratinocyte growth factor (KGF), IL-1b, IL-2, IL-4, IL-5, IL-10, IL-13, IFN-g and tumor necrosis factor-a were run according to the manufacturer's instructions (Whatman GE Healthcare, Sanford, ME, USA) as previously described (Lash et al., 2006 (Lash et al., , 2010c . The dynamic range for angiogenin and VEGF-A was 2.4-2500 pg/ml, and for all other AGFs was 12.2 -12 500 pg/ml. The dynamic range for IL-10, IL-12p70, IL-13 and IFN-g was 15.2 -33 333 pg/ml, and for all other cytokine analytes was 3.04 -6667 pg/ml.
ELISA for Ang-1, PlGF, TGF-b1, VEGF-C, IL-6 and IL-8
Some analytes of interest were not included in the multiplex arrays or were above the detection limit of the array (IL-6). ELISA was performed in duplicate to assess levels of Ang-1, PlGF, TGF-b1, VEGF-C, IL-8 (Duoset Development System, R&D Systems, Abingdon, UK) and IL-6 (Development Set, Peprotech) according to the manufacturer's instructions. The dynamic range for Ang-1 was 156.25-10 000 pg/ml, for VEGF-C was 93.75 -6000 pg/ml and for PlGF, TGF-b1, IL-6 and IL-8 was 31.25 -2000 pg/ml.
Data analysis
Levels of cytokines and AGFs secreted by uNK, EVT and CTB cells at 8 -10 and 12 -14 weeks gestational age are shown in Supplementary data, Tables SI -SIV. Each sample only went through one freeze/thaw cycle prior to analysis. EVT and CTB secreted higher than expected levels of several cytokines and growth factors, which were not abolished by irradiation of the EVT cells. Therefore for each sample, the level of cytokine or growth factor secreted by uNK cells alone and either EVT or CTB cells alone were summed to give 'expected' levels in uNK cell + trophoblast co-cultures (e.g. sample A uNK cell cytokine/AGF level + sample A EVT cytokine/AGF level ¼ 'expected' uNK cell/EVT cytokine/AGF level; sample A uNK cell cytokine/AGF level + sample A CTB cytokine/AGF level ¼ 'expected' uNK cell/CTB cytokine/AGF level; this calculation was performed for all 10 samples within each group) (Supplementary data, Tables SI -SIV). As can be seen from the data shown in Supplementary data, Tables SI -SIV, there was considerable variation in secreted levels of some of the factors analysed. Therefore, in order to remove inter-sample variation, the 'actual' measured levels of AGFs and cytokines in co-culture were then normalized to the 'expected' levels for each sample to give a fold change in 'actual' measured levels compared with 'expected' levels (e.g. sample A 'actual'/sample A 'expected', for all 10 samples within each group from which the mean + SEM was subsequently calculated). Data are presented as means with SEM. Statistical analyses were performed using the StatView statistical software package (Abacus Concepts Inc., Berkley, CA). Statistical significance was determined by an unpaired t-test. All statistical tests were two-sided and differences were considered statistically significant at P , 0.004 to take into account multiple comparisons.
Results
Effect of co-culture on AGF and cytokine expression KGF, IL-2, IL-4, IL-5, IL-10, IL-13 and IFN-g were not detected in either of the trophoblast cell culture supernatants, and therefore results were not included in the analysis of the co-culture data. Similarly, PDGF-BB and IL-5 were not detected in the uNK cell culture supernatants and were therefore not further analysed.
Cytokine and AGF secretion in 8 -10 weeks gestational age samples
The fold change of actual measured co-culture analyte levels compared with the 'expected' co-culture levels were shown in Table I . IL-1b (P ¼ 0.004) and TGF-b1 (P , 0.0001) are decreased in direct co-cultures of uNK cells with EVT, but did not change with CTB or with indirect co-culture. TGF-b1 was also reduced in direct co-cultures of uNK cells with irradiated EVT (P ¼ 0.002). IL-6 was decreased in direct co-cultures of uNK cells with CTB (P , 0.0001) but not EVT, whereas IL-8 levels were lower than the 'expected' levels in direct co-cultures of uNK cells with both CTB (P , 0.0001) and EVT (P , 0.0001). Levels of other cytokines were not altered.
Actual measured levels of Ang-1 and VEGF-C were lower than the 'expected' levels in direct and indirect co-cultures of uNK cells with both CTB and EVT cells (Ang-1: indirect CTB P , 0.0001, indirect EVT P , 0.0001, direct CTB P ¼ 0.0002, direct EVT P , 0.0001; VEGF-C: indirect VTB P , 0.0001, indirect EVT P , 0.0001, direct VTB P , 0.0001, direct EVT P , 0.0001). Levels of Ang-1 and VEGF-C were also lower in co-cultures where EVT had been irradiated (Ang-1: P , 0.0001: VEGF-C: P ¼ 0.007). Ang-2 was decreased in co-cultures of uNK cells with irradiated EVT (P ¼ 0.0004). FGF-b was reduced in indirect co-cultures of uNK cells with EVT cells (P , 0.0001), but was not detectable in either of the direct co-cultures. Levels of other AGFs were not altered.
Cytokine and AGF secretion in 12-14 weeks gestational age samples
The fold change of actual measured co-culture analyte levels compared with the 'expected' levels are shown in Table II IL-8 were decreased in direct co-cultures of uNK cells with both CTB (IL-6: P , 0.0001; IL-8: P , 0.0001) and EVT cells (IL-6: P , 0.0001; IL-8: P , 0.0001). TGF-b1 was lower in indirect co-culture of uNK cells with CTB (P ¼ 0.001) and in direct co-cultures of uNK cells with CTB (P , 0.0001), EVT (P , 0.0001) and irradiated EVT (P , 0.0001). Levels of other cytokines were not altered. Levels of Ang-1 and VEGF-C were reduced in both direct and indirect co-culture of uNK cells with both VTB and EVT (Ang-1: indirect CTB P , 0.0001, indirect EVT P , 0.0001, direct CTB P ¼ 0.0006, direct EVT P ¼ 0.0002; VEGF-C: indirect CTB P , 0.0001, indirect EVT P , 0.0001, direct CTB P , 0.0001, direct EVT P , 0.0001). Ang-1 and VEGF-C levels were also lower in uNK cell co-cultures with irradiated EVT (Ang-1: P ¼ 0.004; VEGF-C: P , 0.0001). Angiogenin was decreased in indirect co-cultures of uNK cells with CTB (P , 0.0001) and direct co-cultures of uNK cells with EVT (P ¼ 0.002) and irradiated EVT (P , 0.0001). Ang-2 was reduced in co-cultures of uNK cells with irradiated EVT (P , 0.0001). Levels of other AGFs were not altered.
Discussion
In the current study, we demonstrate reduced secretion of several cytokines and AGFs after co-culture of uNK cells with either EVT or CTB from the same patient. Interestingly, AGF secretion was decreased in co-cultures where cell populations were in direct contact with each other as well as separated by a porous filter, suggesting that a soluble factor induced a reduced growth factor expression. In contrast, cytokine secretion was generally only reduced when the uNK and trophoblast cells were in direct contact, suggesting that the effect was due to a membrane-associated factor. There were no differences in effect between uNK cells cultured with EVT or CTB, suggesting that the observed effects were not specific for EVT and therefore are not likely to be HLA-G or HLA-C-mediated because CTB do not express either HLA-G or HLA-C. This is the first study using co-cultures of uNK and trophoblast cells from the same subjects, although several previous studies have investigated the potential effect of trophoblast cells on uNK cell cytokine secretion (summarized in Table III) , primarily focusing on types 1 and 2 cytokines in relation to successful implantation and pregnancy loss. These previous studies have used either HLA-G-transfected cell lines or the choriocarcinoma cell lines JEG-3 (HLA-G positive) and JAR (HLA-G negative), although the validity of the use of these has been recently questioned following mRNA array studies (Bilban et al., 2010) . In addition, several of these previous studies (Table III) have used peripheral blood mononuclear cells (PBMCs) or uterine mononuclear cells (UMCs) rather than isolated uNK cells. It is difficult therefore to compare previous studies both with each other and with the present study. Overall previous studies have reported increased, decreased and unaltered cytokine and VEGF-A secretion (Table III ).
In the current study, we co-cultured purified uNK cells with either purified EVT or CTB from 8 to 10 and 12 to 14 weeks. All three cell types were isolated from the same patient samples. We established three different co-culture paradigms: direct co-culture, indirect co-culture where the two cell types were separated by a 0.4 mm-pore-sized transwell filter and direct culture with irradiated EVT cells. The third of these paradigms was established after initial experiments showed that both EVT and CTB were a rich source of both AGFs (Lash et al., 2010c) and cytokines (Naruse et al., 2010) . However, despite irradiation (60 gray) and several changes of culture medium, we were not able to completely inhibit EVT secretion of cytokines or AGFs. This contrasts with Rieger et al. (2001) who demonstrated complete inhibition of cytokine secretion from choriocarcinoma cell lines. In the current study, the data obtained from direct co-culture of uNK cells and both irradiated and non-irradiated EVT cells are similar, confirming the reproducibility of the initial results obtained with non-irradiated EVT cells. We cannot conclude from our data that whether uNK cell protein secretion of factors was inhibited by EVT and CTB cells or vice versa. However, it is likely that local concentrations of AGFs and cytokines in placental bed are decreased when uNK and EVT cells are in close proximity. Indeed, based on our data, direct contact between uNK cells and EVT is required for this inhibitory effect on cytokines but not AGFs. Previous co-culture studies have focused on cytokines except Van der Meer et al. (2007) , who reported increased VEGF-A after the culture of non-pregnant uNK cells with HLA-G transfected 721.221 cells. We have previously reported that uNK cells are a major source of several different AGFs in early pregnancy with the levels of secreted Ang-1, Ang-2 and VEGF-C decreasing between 8-10 and 12-14 weeks gestational age (Lash et al., 2006) . EVT secretion of AGFs does not alter with gestational age, while secretion of Ang-2 by CTB increases with gestational age (Lash et al., 2010c) . We demonstrate here that uNK co-culture with EVT cells inhibited secretion of Ang-1, Ang-2 (though only in the irradiated co-culture experiments) and VEGF-C at both 8-10 and 12 -14 weeks gestational age. None of the other AGFs tested was altered by co-culture. The inhibitory effect was observed in both direct and indirect co-cultures of uNK cells with both CTB and EVT, suggesting that the effect was mediated by a soluble factor. Association with EVT cells in decidua may be a trigger by which uNK cell secretion of AGFs is inhibited with gestational age.
In contrast, we have previously demonstrated that uNK cell secretion of several cytokines, including IL-1b, IL-6, IL-8, GM-CSF and IFN-g, increases with gestational age (Lash et al., 2010b) . EVT secretion of IL-1b, IL-13 and RANTES also increases with gestational age as does CTB secretion of IL-1b and IL-8 (Naruse et al., 2010 ). In the current study, we demonstrate that direct contact between uNK cells and both EVT and CTB reduced the secretion of IL-6, IL-8 and TGF-b1; cytokine secretion was not altered when co-cultures were performed under indirect conditions, suggesting involvement of a membrane-associated factor. Since cytokine secretion was altered after co-culture of uNK cells with both CTB and EVT, the membraneassociated factor is unlikely to be HLA-G, HLA-E or HLA-C, which are expressed by EVT but not CTB (Apps et al., 2009 ), although we cannot completely rule out the possibility of some contamination of the CTB cell population by EVT. These data do not, however, explain the observed increase in uNK secretion of cytokines with increasing gestational age. Nevertheless, in the placental bed, when uNK and EVT cells are in direct contact, there is likely a local decrease in cytokine secretion.
The physiological relevance of the current results is unclear. Two major roles for uNK cells in the placental bed have been proposed: regulation of trophoblast invasion and initiation of spiral artery remodeling. We and others have demonstrated that uNK cell supernatants increase trophoblast cell invasion in vitro, via a mechanism associated-at least partly-with IL-8 (Hanna et al., 2006; Lash et al., 2010a) . In contrast, Hu et al. (2006) demonstrated that uNK cells inhibited EVT outgrowth from placental explants in a contact-independent manner associated with IFN-g. Our results showing a decrease in IL-8 secretion when uNK and EVT cells are in close contact do not fit with the observed in vitro effects of uNK-cell secreted factors on trophoblast invasion. However, in vivo this cellular interaction may play a role in decreasing and controlling EVT invasiveness such that it ceases within the first third of the myometrium, a tissue that does not contain uNK cells.
Uterine NK cells have been proposed to initiate the process of spiral artery remodeling by facilitating vascular smooth muscle cell separation, allowing infiltration of the vessel wall by EVT. Uterine NK cells are a major source of AGFs (Li et al., 2001; Hanna et al., 2006; Lash et al., 2006) and are observed in the wall of remodeling vessels in the absence of trophoblast cells (Smith et al., 2009 not be a localized decrease in AGFs. Differences will occur in the balance of factors secreted by either uNK cells or EVT in the vicinity of spiral arteries at different stages of remodeling, which likely facilitate different aspects of this process (Lash et al., 2006 (Lash et al., , 2010b . Until the molecular triggers of spiral artery remodeling are fully understood, it is difficult to speculate how interactions between uNK cells and EVT will affect this process. In summary, this study suggests that interplay between uNK cells and trophoblast cells mediate down-regulation of secretion of both AGFs and cytokines. In the placental bed, this may lead to a generalized local reduction in AGFs when the two cell types are in close proximity since this effect was seen in indirect co-culture. A local decrease in cytokine secretion would only be observed when the two cell types are in direct physical contact. These interactions may play roles in the regulation of spiral artery remodeling and trophoblast invasion during early pregnancy.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals.org/ .
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